Experimental verification and modifications to the simple plastic theory, 1956 by Beedle, L. S.
Lehigh University
Lehigh Preserve
Fritz Laboratory Reports Civil and Environmental Engineering
1956
Experimental verification and modifications to the
simple plastic theory, 1956
L. S. Beedle
Follow this and additional works at: http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-
reports
This Technical Report is brought to you for free and open access by the Civil and Environmental Engineering at Lehigh Preserve. It has been accepted
for inclusion in Fritz Laboratory Reports by an authorized administrator of Lehigh Preserve. For more information, please contact
preserve@lehigh.edu.
Recommended Citation
Beedle, L. S., "Experimental verification and modifications to the simple plastic theory, 1956" (1956). Fritz Laboratory Reports. Paper
18.
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports/18

205.45
4,/24/56
VERIFICATION OF PUSTIC nmOR\f <>:> Am1J
ADDITIONAL CONSmE~]CONS
Lyrin S.. Beedle
~I'od8;i~~!!~
In the previous talks you have seen how sLmple methods of
stl1J.ct'uxal (iirAalysis may be 'built upon plastic theo~;i'.
How well ~oes structural behavior bear out the the~~y? Do
st~~ctures really contain the ductility assumed? Do these plastic
hinges fo~' and allow ,the necessary redistribution of moment? If we
test a tlful1 sizeu st:t-ucture with rolled members will it a~~t:t1al1y carry
the load predicted by plastic analysis?
It is the purpose of the first section of this pape~ to answer
the above questions, gi'wing the experime.ntal verification of plastic theory.
IXl arriving at the plastic methf)41 of structu1:a,1 a101al:;fs:[.s v some
further assumptions were made conceh~Iling· the irl£luence of 8Jttal and srtear
fo~ces3 buckling) etc., In the second part of these remarks such tladditional
considerations" will be discussed) the' approp1:iate results of the©~~tica.l
analysis and tests will be described, and design guides wi.ll be indicated.
Ao E X PER I MEN TAL !-E It I FiS A T I .0 N
Reca~tulation of AssumPtions
What are the assumpt.ions we make w:tth lCfs,ga1>:d to th.e plastic
behavior of structllres? Six important assuU1[JtiOl1.S are in.~liic'ated
dia.grammatically in Fig. 1 and are as fol.lows~
1 0 The material is ductile~ It has the capacity of abso~bing
pla.stic defox:mation without the danger of fxactulre o
24t Eacb. beam ha.s a lna.ximum monlent of resista,tillCe (~tle f)lastic
mo~nt~ Mp)~ a moment that is attained through plastic yield
of the entire cross section (plastification).
3. Due to the ductility of steel, rotation at ~elatively constant
w~~ent will occur through a conside~able angle -~ resulting
in the fo~ation of a plastic hinge.
4~ Connections provide full continuity.
5. As a result~of the formation of plastic hinges at c~nnections
and other points of maximum moment, redistribution of mOTIlent
will occur, allowing the formation of plastic hinges at points
that are otherwise less highly stressed in the ~lastic ~egion.
6. The ultimate load may be computed with accuracy on the basis
that a sufficient number of plastic hinges have fo~ed to
create a mechanism.
How well do tests confirm these predictions?
=2
]~'ligure 2 rep7beSerlts an lta.'V'exage" stl:.-'ess=stJrain CUIC~ve fCf1b
tl,'t7_cuct~\~t'a.l steel <> It caas beer! o'bta.1.11.e,d f1COm. th.e con,s1b(derable number of
coxrr,pressicrn. a'Kl(l'j t€rrtsion tests cOla.du.c'ted at Flt~itz Labo1CatC:~1(,Y £ot'" the
P"llt1J!ose of t':,\lalJUl.ating the stn'llctu:rt~l tests per:EO'ff:fiit-:,t,do C{Y,([apression tests
are of i,nte'J!:8st i:Ki c(Jnn,ectifHl witril th,e plastic b~2th.av·:lo!' of St.I1uctUI'es
'because, of cotncse j (j'j:}.e half of the cross sec,tion is yielded in compr6S-
S1.0Utt l'i1.e steel (:.(~'llnpreSs.es plasti.cally about 15 tinles the strain at: the
elastie lilni.t arr.d tl:ie:n COWHleI1l.CeS to stlcaln harder!tl Altllough the data is
plotted well into the strain~hardening range~ the st~ains are still con-
siderably less t"b,al1 tb,ose a.t vJltl.~uate st1f€i1.gth. {Ht.eri1sile" stxengtrIL) 4)
'rh.e COXupIt:6ss1:ve an.d th.e te"jtlsile st:tess-st:~a~t11 relationsb~i,ps are qui'lt:e
si.rni.lar" In, £act tl1\e pr(~1~'H27bt:[,es it1 C()u1pJr.'essiolil a:rr:e pJtactically ir,,1ent:ical
with those in tension.
We can conclude from Figure 2 that st~!ctural steel coupons
tH:t"~e thu~ 'fleCessat"y ductili,t:y as assumed in plastii(~~ aifJlalys~,s 0
'Irhe Plastic._ MOluent and the Plastic 'K~inge
As a denl0nst!~atiOt1t that the 'Knax:imOlm 1110meV..t :i,s attai~Qed tl1'lC'Ough.
plastification of the cross sectio:n~ 1;,f'!go·3 shows a ty~jt.cal M",,0 c:urve
obtained from a beam i1'1 pi'ure bendi1fil.g (3) 0 ~:rJ;ile dotted l:Lol>e is tlte
trlleoretical cu%ve and the solid litM2~ tl]J.C(~llgh the circles ',rtep1Cf.;se',f,},ts a
typical test result~ !he theoretical stress distributions (according to
tb.e S:1.JJlI.D1.e plastic t'heo'l:Y)· at di.f'feren1,t stages QJ£ ben,dti1:l,g are sho'tm in
the upper portiono Below these are sho~m the co~~espcnding stress
d:tst:!Lib~lt:ions as determined from SR-l~ gage meastncements" It TMill be seen
th.at plastificati(J!l of tb,e cross sectioi:t. \dOf;,S occ:1inc ~ at1.a that tb.f~~ bending
moment co~responding to tb~is condition 1,8 trlH;; ft~ll plast:,tc raoment as
computed from the equation ~~ = OyZ~
'It&e many tests C011du,cte.d ~;jn rolled snaf,pes indicate that the
Cl'irVe slJ~own itt Fig/) 3 was not an exceptioiilal case but that ~vide=fla:nge:
beams will develop the strength p&edicted by the plastic theo~y and that
a plastic hinge (characterized by rotation at nea~~constantmoment) does
actually fOnIltt
11p to this point: in cons:[.t:'leril1g the ,plastite moment: and th.e
at:tetldau].t f)lastic hinge, a somewl1,at ?J!1!1realistic loadlng c.ondition has
been1 taken 0 "Pure moment t1 is a cOl1Ldition. not likely to be experienced
i,n actual stroctures ~ but it tU'K~Kl~S o'ut t.hat it rteptr:esents a ItW01bs t casau
insofar as the plastic behavior of a beam is concerned 0 Usually the&6
1/;r111 be a grail.ient in moment» allen as w'o'tJ11d be oblta.:tned if 8. si.mply...,
sl.tpported beam is loade~j 'tvitll a single c.:oncentrated load o In such a case
the deformation tends to be concent~ated under the load point (the poitit
of ntaxi,.1m.nn mcrment) ~ Beca-use the. plastic d.efcrmatio1rt is more localized ff
the strai,n=hardeIling regioI~ is reached at a le3se~ deflection; consequently ~
the beam tends to develop a mom,ent greate~ tb.!an thH~ pla.stic 1110ment o
Typical of the behavi.or of a beam under rnoruent gradient is that ShOWb& in
Fig~ 4(£v) Jj -The beam continues to increase in load capacity as the
deformation is continued 0
=3
We can see$ therefore~ that strain~hardening is something that
ln1f.~:fO'leS t't~e EllOmel'1i:>.,c,arrying Cali1Jacity €.)f 8.. bem1l o Al t:~~,o\l3,g11\ 1:~ra ,[]'E~glect :It
i'n tKtS si:~~ple plastic theory» th,is ad(d.it~ IG'8S6:it"ve stree,iRgth. is still
pt'E:sent: ~tn xttost ordinary str~lct'U.'res~
Not ot!ly lTm.!St '\1\76 c01iJl..sider tb1e adeq'u,acy (~f bearne to develop
plastic hinges but, in addition, connections mmst be proportioned in
s"tlch a vlfay that ttley 't<Jill transnll.t tl'le plast:t(~·, ill('YITtent a:r~d b,a:we adequ,ate
rotatioli capacity 41 Can cortnections be fabJ.t:leated ecoK~or!l'ically arJl~1
still rneat tb,ese 1requi~e8ntents',
Figure 5 sh,o'ftJS tlJle efficien,cy witll t~rl~i,(:lll a propel'ly propo!'tiOl'lled
knee will perfotm~ The inset shows the co~ne& at an angl~ of 45 degrees
i~:1 thle positioi! assllmed, dUb'ing t1me test 3 a load:tng tha.t is 1f.ath,er ty!}ic,a,l
of that to '\'1111(1) a H corner" connection is subje,c.tedo ltH~ load call~1r:espond,ing
to tbte plasti.c ITloJ;11ent: isr~al]~d:;ed a~1.fl tl1e1.ce :1.8 aidf:qiuate. rotatio'At 'l'Kl th.e
vicinity of this load to allow the .necessary red1st~ibutionof moment to
other portions of a structure of which the COKUtection might be a parto
~fuat about th.ose cases irA \'lh,:tch a bewn ~~s 't\r{el~jed to a, colunm
== a situ,ation that. 'tvould occu,r in a m'ult:L=story st~Y,'uct,1JJre.? Three
different designs for such a com18ction are sketched in Figo 60 For
e}~ample~ as ShOV1l1. onttAe left fl the colu11t.GS m.:lgb,t be fabl~i,cated by sirrLply
attaching the beams to the columnso Alte~natively~ in the cente&$
l:aorizontal stiffeners ccn;itl(f;1 be added; arlid at tr~e ~~!.gr~t a vertic.al type
stifferher is a't.Aotrn.e"K' possibi.li.'ty () With F~r(ope1t:> L0~"(~!H)1~tior!1s» c'he test:
CUbves show that plastie ,moments can be developed and hinges formecl o The
'dotted line ind:tcat6s t.b.e theoretical load""ldefo:tlnatiolll c:l~ll,SDfac.t(;;1:ristjl,c
of tb.a rolled beam~ a.rid it :ts seer}/, ttl1.at for t'rf(;;Se part~tcula16 Spe.t::;il11ens
the moment defonnation cha~acteristics are quite suitable o Fig~re 7 shows
one of these designs at the end of the testo
We can therefore conclude from the above evidence that connec-
tions can be fabricated with economy to provide the necessa~y co~tinuity~
Redistribution of Moment~.<>o<__"""""""'''''''''' _
We have seen that plastic hinges may be depended upon to form
at connectiO!lS 3 at c.oftcentrated load points ~ and at p(rtn.ts of maxinrum
moment in beams 1> Th,is clevelopment of th.e plastic mOtIi6!l1t is one of the
sources of reserve strengt11 in, struc.t'u1fal steel beyond 'th.e elastic
limit~ A second factor is th~ redistribution of momentQ Does it
aetllally occur and 11.0'V' closely does it co:rcrespond te, the t11t{~oJtetical
concept?
In Figo 8 is shotrdu a pi,cture of this proGess -- both theoreti<e
cally and experimentallyu Some time ago a test was made on a cotttinuous
beam to simulate the condition of third point loading on a fijced=ended
beam~2); thus experimental data was available to compare with the
t:h.eOX',f2.tic,(11 predictions 0 The fi:g:e.d=ende,(Qt be.am arR~l
d.1~~,~~ Sf:HJvTZX :t~l t\J\J'O s tages ~
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~-> 8,:,ftel1::" th.e plastic bj"nge, 11;£;l.S tb.eoK'6d;i,c,ally f(;:~J{,'m.ed
.at t·.he eiltds an,d the load is inc,1t->eas:K11g t01N'ar~~ls the
t.tnvate vallle 0
The figure shows 9 deflected shape at the two phases, the
rnome~lt lti.iagram ~ tIle load ,= de f1 e,G it'lor1 Ctircve ~ and !n~)111elf!lt C~'t-l'IT:~tvat'tlljfe
re.lationsh:Lp neax-> tl~H;j e11~.s (lt~,ft) and at tl1,6 cerllte:r ('I'igJJ~t:) £)
In the elast:tc :tf,'ange it 'viII be seen, that tIle beam behav'6s
j\:tst as assuraed by tt~~~. trJ1801tyo ~rh.e Dloment at t.b,e ceJ.lte]',-> be:l~.1g 1/2 t1118
Dlcn:ner!t at tb,e fi:K,61d eniis f) (FJigs 0 8,~ an,d 8e) As tJJ,e 1tK~UH~12t at th.e e:l1ds
oF.lIT' T~~ ~P,f'" a' 1,c~ ~ ·the ie'1 11 'r¥H''''~'''I''le''''''' it... "='1,,,. r'.~ ""J'J1 "'p. 'iJaof'-"'l"J TI'';;;;;' 11'/\ n "",'~"' .:;,<..~, .." ~...... or" ''''1 0 ..".<> ~r;;'.s::}!t:i!.L~} Cp,Le,:) ,=,. p y. -~.)~(~, u...~VnJ. ""tlL.\) l;.;t!\"'0 l"-,,ull., ~, l"""J'.. ....,J;;; ~ ·tIl;) ~,0.JinJ.nLr.J.L,(~b l1r.,~y 1,rtl-C&:ease
rno:ce lcapid.ly arM:l "'\/16 see t~b.e begi,11Xi,1ngs (0:( a platsti~ l:I~:t..nge (]?J:tgo 8e) 0
BeCa'LlSe of th,is nh~~11ge action lV ~ the adclit:toTI,al mOTI1errts d'~~le. to l,ilc:rease
in. load a'.ce distri,b'iLlted in a diffe:1ce'nt l'atiof) IHOSt of tb.e ir&cre,ase go~tng
to the center a.rId a small arno'unt goir~g t~~+ th,e.ends as plastifi,cation
occurs, (Figo Be) /) Th.is is th,e, p:Y,'oeess Itlffic(wrIt as red:istr:iJrut~J:n.l of mOln.ent o
So the beam actually beha:\1es sorne,,,rhat: rnora fle::K1>b~L'y th,aX2 be,fore (Figo 3d)
and at Stage 2 the ~lastic mOIDBnt capacity nea~ the center is p~actically
exhausted/)
and~
Stage L~ <= after defcDTbm.at:ton Itas beers. cOTltti'nll!1e,d tJ.1,~O\ugt! an
arbi,t:ca.ry displaceme:atQ
It is quite evident froxn FigQ ge that all of the moment capacity has
been substa:ntially absorbed by the time Stage 3 is reacJled (ultimate
load) 0 Beyond this the beam simply defonms as a mechanism with the moment
diagrmn remaining largely unchanged~ t~le plastic hinges at the ends and
center developing fu&therQ
We therefore have clear evidence that redist~ibution of moment
oc.curs tk1:rOr~gb. the formation of plastic hiJ.1ges 9 allo't\Yl.l1g the struct1llre.
to reach (and usually exceed) its theo'retical ulti,mate load()
Ultimate Strengtr~ntinu~us.$tructure~
Do continuous structures attain the l(~ad> p:f6edic"te.d OIl tlae
basis that sufficient plastic hinges at'e fonned to create a mechattlsm?
The co'nsiderable number of tests on cont:lnuou,s heari!'s arl(Q frames that have
been performed both in this country and ab~oad provide an affirmative
answer 0
Wig@~es 10 an~ 11 show a·gabled f~a~~ a~ w£~i@~s 8tag~s ~f
10~f1d!1Thge Of 40 cp fto s~an~ th.~,B weld~@' st1ro(C~t\Ull1(~ WQ$ fa:tnrlcatteai f~~
1:~WF36 ~t1\apes.
~~~ The~t two figu~es ~Figso 12 a~~ 13~,show i~ tab©la~ f@rom
a ~Mmb~~ ©i ~~~s~ tests i~ which the memhe~a ~e~~fabri~at~~ £~©m ~cl1ed
se~t1onso Th® stLeu©t~Ke ~Thd loading are sh~ t© scale at the lefto
Next~ the si~e ~f ~mber (~~ members) 1s iM@icatedo To the ~ight is a
ba~ g~aph on whi~h is plotted the percent ~f p~edicted ~ltfmate st~ength
exhibited by the t~~t structure4 (A t~st that ~eached lOD~~ ~eached the
load p~edicted by the simple ~lastic theo~y~~ ,
These two fig©~es show that the'act@sl st~e~gth ~f even the
weakest st~cture was within 5% of its pr~~ict~d ~ltimat~ load ~= an
agreement much bet,ter thm can be obtailli1ed <at the s'o=cal.1ed lItelasttic
li:c.n.it." I) Parti.cula;rly "lCema:lbkable among ttv.e coa&tillitl11.~'JJs beam tests {»f
Flg (; 12 is the one ~ondli1cted by Maier IssibiDrittz (6~ (see th~e ID\.e:Jtt to> the
last st'roctuibe) G IlJl. this experiment. J) pri,oJr .to a~IP>lY~~lmg the ve&'tical loa,<dl~
he raised the center support until the yield pol~t was just reached D with
the result that application of the first i~c&eme~t of exte~al l~ad
caused the structure to yield~ In spite of this v the comp~ted ~ltimate
l.oa~d was, attained! In Fig 0 13 testing of the fClil1!:"th flcame was i,!11terempted
i.n order that the f:tfth test might be caIt1ried olud: (yrIJ. the same strnct.ure
but with a diffe~ent p~oportion of ho~i~ontal to ve~tical load o The
ale'row on the four'tlll bar i~ldlcates the load tl1~at "M©\UtJid have bee.1til lrsac'tl1.e,«!
had the test not been stoppedo The fifth test cOMl@ n©t be expected to
Ie-each its computed ul'timate load because of th.e clam/age inflict.ed, d\llrhing
the previous ove~loading¢
Bo .A ,n D I T I 0 'N A L C _0 N SID ERA T ION ,S
In. all of the test.s just re,Vle1.hTed., t.he results confirm i.n
satisfact.oI'y manu.er the predictions of t.he. "simple plastic. tneo:r'yVi 0
Th.is tl1Fory 'negle.cts suefl things as axial fo~t'ce" shear" aIld buck,l iug 9
and yett-tle, en,gJ.l1.eer k'now8 they are prese.nt in~ most structures and he
is ac.custorn.ed, to tak.:i,ng the.m into ac.c.ount 0
.Alt~hougl1 it turned out in, the tests just described triat such
"limitatioD.s" did not pre.v'ent the structu.re from, reaching the desired
load} 'meth.ods must be ava:l,lable for ac.c.ounting fot' the.se addi.tional
factors in ,order to ha've, a desl.gn.method that isge..ne,rally appl:Lcableo
On~e of the features of the. worl~ at Lehi.gh 'llnive.rs:tty has beexl a thoro'ugh
st.udy ,-= both th.eoret:i.cal an.d experimen_tal -"" of factors that in some
instances might tend to reduce the ability of a structure to carry the
ultimate load predicted by th,e tlsi.mple" plasti.c th.eory" Those fac.tors
t.llat ,are neglected or a't'e I'),ot in.eluded in t.he ttsi'mple" th,e.ory an.d for
wll1c.h, revision. of tb.a.t theory is sometimes 'needed are the followi.ng ~
Modi..f~Lcati.ons to the plastic. mome'nt (Axial forc.e and shear force)
r·nstability (Local buc.kling ,9 lateral bueklirlg j colu.wJ1 buckling)
Bri.ttle fracture
Defle.ct:Lon ,Stability
Deflecti.on.s
In the following paragraphs t.he effe.c.t and c.tiaracterist.les of th,e,se.
fac.tors will be i.rldicatedo Where, approp:cia(tA'~;~ t:he. re,sults of theoretical
arlalysis an.d of t.ests "will be lndicate,d J followed by a suggested " r u'le ll
to serve as a guide for checking the suitability of the original designo
It ShOllld be k>ept in, lui·ad· t:hat triis s:tt'U,ation. is 1].0 di.fferen.t
t11 priJ1.c.iple froll1 t'hat en.c.ountered in elastic. deslgn.o The de.stg'n must
al'Nays be c.heck,ed. for direct stre,ss:l sh.e.ar, an.d so OUo It simpl,. mean.s
th,at ulodif.ica.t.i.,on, or llrui.tat.:iol1s In the .fOl'ffi of "R:ules of DesIgn,tI are
n,ece.ssary as a gui,de to t"he suitabili.ty of a desi.g!l ba,sed onth~e si'mple
theory that neglects these factorso
Modifications to the Plastic Moment
The p:resence of axIal force a'nd sh,ear fOj~ce are two factors
that tend to reduce the magnitude of the plastic momento However, the
design. proced"trre may be modified eas1.1y to aCc.OUllt for their i.nflue.nce
because ·t.h~e :important " p l as t:lc hinge n c.haracteri.stic 1.s still retained
tn trle presence of these forces e.v-e.n. th,ough th.e moment. eap,ac.i.ty i.s reducedo
1 (t Influe.nce of Axial Force on. the Plasti,c, Mome.nt
.-~..--.. =--.--.-. =--~.........--.'"""""'-""""'"''-''"__--=.-~~_ _=_~ ~'~o...-.
Figure 14 shows t]1e beha"vio:r 0,£ a s'hort lengt.h. o.f hearH w'hen
axial load 1,S added to the be.ndi'ng m,OTIlen,t 0 If th',e a'xial load is high
(as it was in this case), the member will not be able to carry the full
value of the plastic moment 0 Notice, however, that the sSction still
has the fthi.nge. 1f charact.eristic; it sirnply occ:u.rs at a :reduced momen.t ,faIlle 0
Even more reassuring is t.he fac.t. t'hat o'ne can predic.t theoret:tcally t'he
n dQf" d 1" P 1\K d h ' h t h" 1 c' ""11mo, 1 ,~e ' p ast1c moment. , ,I!,".Lpc ' all t.e approac. ,0 t ,~s SO.,ut1.0n tV~ ,
now be describedo
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Fi.gure 15 show"s tb.e stre,ss-distributiOll in. a beam at valn ious
s tage.8 0 f ,de~format ion. cau se.d by t.hI'U.S t. .and moment 0 Due to the axial force &
yieldin.g on. the compressio·.n s1.de preced,es th.at on tr~e te.ns ion side 0
E'ventually plastific.ation. occurs~, but. sinee part of the area mustwithst.and
the a1{.1Jll .fo:'cce~l the stress block ntO lon.gel" di'9'ides the cross seetion into
equal ,a r."'E:.J1s {as w'as the ··c,ase of pure. moment) 0 IThus 2 as sh.o~m i.n .Fig 0 16 ~
the total. Lst!~'e,ss distr:i.bution..raay be div'ided i.nt.o two parts ~ a stress
due to axial loa.d and a stress due to bending mome,nt 0
For ·th.e sit'uatlo"n shown :tn JI?igo 16 in 'which tb,e ne'utral a.Kls
Is . in th.e web ,'J the a~xial, fo:;r,c.e P is gi,ven by
P =: 2, 0y Yo w (1) .
wl1ere 0y is the yield st,1ress;} Yo 1.S the distan.ce from tb.e midheight to
t~e neutral axis 3 a~d w is the,web thi.ckness. The bend:i.ng,mom:ntMpc is
g~ven. by the folloWl.rlg exp<ressl.on an.d J.'epresertt.s the. plast1C'. h..l,nge
m01Ue,rl.t modifi.ed to i.nclude t1l1~.. effec.t ofax,i.al compre~sion:j)
(2)
where Z i.s· the plasti.c ro.odtllu.s 0 By substltut1.n.g the 'value of Yo obtained
ftom eqo (1) into eqo (2)~ the bending moment may be expressed as a function
of the ax.ial force P ;:1 OJ;'
(3)
By t.he same proce.ss:t an expresslon fo'lL' M as a fu'nction of F cou.ld bepc.
deterniin.ed whe.n trte Ile'ut:ral axis 18 i.n. the .f1.a:uge iXlst.ead of the web 0
Figu '.re, 17 sh.o1',;rs for all 8WF31 shlap e, th,e 11 :tnte rae t i.on" C.'U r·ve that
re,sult.s from t.his analysiso When t:he axi.al fo:r.ce :i.s zero~ M :; Mpo When
the ~:ial fo',!':ce r:eacriles the valu.e. P =: 0y A J th.en tr-Re, I!10rnen.t c.apac,1.ty is
zero 0 Bet\v·e.en. these limits the re.lation.sb,ip is c.omput.ed as desc.ribed and
the desi.red infl'ue'nce ofax.fal forc.e on trte. plastlc moment has thus been
obtai.ned c If.l now, at'her WF shapes of dlffel'en.t proportions were, e.xamlned
by thisaxlalys1.s;l the relati.on.ship shown tn Fig 0 18 wou.ld be, obtaine.do
H.ere the c'urve has bee.n non=dimensio!lali..zed and
AF = 2bt ~ area of both flanges
Aw = w (d ~ 2t) = area of w'eb
The solution for the rectangle 1.,8 also sb.own in Fig 0 180
In. design" in, o'rder to ac.c.ount fo'r the :i.nflue.nce of direct
stx'ess e:ither the curves of Fig (J '18 could be used or ~ since most WF shapes
fall ,withlna narrow band, the simple ap'pro~Klrilation of Figo 19 could be
usedo With an, error of less than 5%;1 axial load can be n,eglecte.d up to
P!P'y = 00150 For P > 0015 py ) the reduction. ·in 'mom,en.t capacity .is gi,ren
by Mpc PM~ = 1018 (1 =p") (P > 015 P)y)) (4)
p y
Sumtnari,.zing 3 the .follo11\1.Lng I1des~tg·.n r'L1tle ll m,rl)1 be stated ~
~ . ~IAL;;;-'
I .Neglect the effect 0.£. axial force: unJ.ess P > 001.5 Fya
:If .p. is grea,ter than 15% o.f Fly th.e. modlfie.d plastic:
moment is given ,by
T~e re.qutred design, v£tllue of S
mi.ned by mu.lt:tpl:yi:rtg tIle ~ralJJe
de,si.gn, by th.e xatio M:p/Mpc, O'I~'
Sx.'eq .~ ~,::~p;
20 The Influence of Shear Force
~c--==_........ ..-_~_.-..o-..- ~_~=->
fOjr a me.ill_ber is detel>.o
of S .fOllTVd in. the inttlal
(5)
Figllx'e .20 ShO~MS a silnpl:y=sllPpC)~tted beaIn w~it.h. loads so close to
the su.ppO'K'ts that sheal':' st:reSSeSj,g8:'ce. e.xe.ee,di,:o.gly h.igh ~,= so iTHJ,c.h, so that
the. :i.D.e.lastlc deflec.t.loJ1S dtle t.O Shl,E~ar' fo:lt'c.e becam,e substan.tialo Figtire
21 ~h()ws the :resD.l ti.n.g beh.a:\rior ='= tJ:-',e deflect:1.crns c.OIDInen.ce. inc.~r.e,asi,ng
at. a :rapld rate. e"v'erJ. th,OLlg"h at a redt.J.ced loado Ne<\re·.F:'<""th.e."",le,ss 3 strai'n-
h.arde.Yt:i.ng E;·\ren.t:ually all0'\AJed the. bean1 ,to appx:'oacJl the p're,dicterd ultimate
loa(d.~. b1.lt only' t)"ftex' ex,ce,ssi'v1 6 beam: de~flect:io!1,S 0
Inorde,'.r t.o .ar!c.1.,re at a basls feLt aSSll:(,'iv,g t'hat th.e full plastic
mOIne:rlt 'flr:f.ll be, 1ceache,d~.) a c:antlle've.:r bearD. in. be.n.dl~lg w:lll be. c:ons:Lde'l,'ed
as shown i.n Figo 220 ,Of" :In.te.:rest are tb.€'. stress~dist'ribut:lon,s at "ariOl-IS
sections (A,') B;~ and c:) alo~ng th,e be.arn beca'use trl.e.y fo:em a means of
e,vallJ.at.i"ug perfD:r.w..a1f:~~ce 'LID,der d.lffe're.n.t: she,a.:r>ntc~'-1mon1.en,t. ratios 0 At
. S'ect::ion .'A the beam. is elasti.c and the flexure and shear st'resses ma.'y be
dete,nn.i-rled easi.l'yo At Se,ction, B the flange is c.orn.pletely y{elded du,e to
flexuJ~e a.rld therefore all of t:he shear stresses must be c8x:'ri.e.d in. the
elastic c.O:ir:~e ~ th'us the distr:lbllt:lo!il of she.ar st't.'e,sses is paI'abolic C\
At ,Sec.ti.on. C the sh.e.a:r stress has 'reached i.ts y:te.ld 'Talu,e at the cente,rlin.eo
~N'O possi.bll i.t.ies of px"em"atu·l'e. ".fa:tlu'K'e.u dtlE. 'to th.e prese.nee
of shear therefore exist~
(a) Gen.e.r.'al 811e8-1' ·yield of the. w'eb lllay occur in t:he
prese~ce of high shear~to=moment ra~ios
(b) ,After the beam, 'has be.earne. parti.ally pla.st::tc at a
c,ritic.al seclti-GIl .--due. to ,fl-e.~J'lr:'-al yie.1 dJJJg J' the i)l1tE-~n,B,ity
0.£ shea.r st'ress at th~e cep.te:rl:Lae IfiB,y 're.ac~h, t~e yleld
conditione>
Consider, fi:rst j case (a) ~ typical failu.re being as sh9wn In
,:r~i,g 0 20 v· ,Th;e maxiu!um possible sh~ear as given by
If
(6)
...;
v ='i* w (d=2. t)
d AdSin.c.e. for WF shapes 'd,=2t = 1005 3 then TAJith 0y :;: 33~OOd psi,~
o 0 0 0 'p 0 (I 0 0 (I (7)
'wl1ere 'W -= web t:hick,n,ess and d 1.S t',h.e section ,-deptho
The solutton fo'!': case (b) :ts sho~m in Flgo 23 ~ a,nd i.t is obtain.ed,
approxi1natel'y ~ by co~,sideri.ng the s'hear and fl~xJlral st.resses of dist.ri-
butbr C, Flgo 220 The m.ax.lmum shear st.:ress for a paraboli,c, di,stributlon,
is 3/2 times the. a.verage val'ue o:r
(8)
w~hE;:ee W' 1.8, the ~Neb tb,lckness and Yo is t'he distance f:rom, midhei,ght to the
ela.stic=>plast.ic. bOlJ.:ndal'Y'o Si,Xlce th.e m,~.tKi1trum val:ue of, the sh,ea:r- 1.6 ·to be
taken ,as the yield value ('\\max == rJyl \13) and si.nce the shear force, V~ may
be expressed as V = Mps/a~ then
000- 0- 0- 0- 0- 0 po- (9)
wQ,ere lips sign;iflee the magnitude of' the be'nd:l.Ilg moment at which the
Hli.mitlhgU c.o'O;-d:i.ti.on' of yieldlng ·due to sh(aar force at the. cente,rline is
obta:ined" Now Mps may also be c011lP'uted di,x'ectly frOUl the flex.ural
stress=di.stribu.tlon at Section, C of Fig 0- 22 by t'he principles describe-d
.earl i.er'o 11le'n
(10)
I:f Yo 18 elimi.p,ateq between eqsrI (9) and (10) and if both sides of the
resulting expression, are divided by Mp == rJy Z.j the following relationship
is obt~ined which gi~"es th.e, influence of shear on tb:8 plaEl tlc moment ~ -
9Z (::u.. ~ + ~~
l6a" Mp! 'Mp - 1 - a (1.1)
For a gi.v~n, W'F sh.ape eqo (11) Inay be solved in terrns of a/dw ' (dw := n-2t)
and,curves of the type sh,o,\.jn, in. Fig 0- 23 resul to Tile sketches i.n the inset:
show how such curves may be applied to other casesQ ' -
~10
Since the ratio AF/ Aw- is about 2 fJ 0 f01' beaTHs 'arid 30'0 'fo!'
colulrtns J tJH~ fol1owin.g· fo',run.xlas may be It"sed as app~rox:tlnati.ons, to th,e
particular c.u,r11es of Fig 0 22 ~
Beam.8~
Co 1ll1nn:. s ~
a
d
o 0 (I 0 (I 0 0 (12)
. As. a m,atteT 0,[ .fac:t~sj,n.ce r~igb. slle.ar a~nd m01Tl€,Il't vallles oc.cu,r
i:O, reg,tons of loc8:J,:i.ze.d yieldi.ng (st.ee,p 'ITlOlnent. gJ:'adlent) t:he. bel1eficial
effe,cts of st:ra:i.n,=·h.ardeD,iIlg tlsu..ally er~.able s'IJ.c'h a be.am to ·.t,'e.a.~.h th.e full
plast'l,c rn.Olnen,t (\ l'h.tlS .f'U,'l't~he.'T '.t·~?'se.a,x:c.t~. rnay ShX.rl!lT tltat eqo (1.1) is too
cO'nset'1l8J~:i:ve an,d. t:ha.t. o'nly' eqo (7) 'need be, co',nsl,de:eed },n (f,esi.gno
. S·urrrm.arizi.ng ~ the folloVtTtrKg "d,es.i.gn, rule" :is suggeste.d ~
SHE.AB,F~]l~.CE
==~==.~~·--'d~....·...-s:· ...~=
Th.e. maKi.ffillffi allowable sllea:r fOlr:c.e in a b€-~aIn· .at
ultiIl1ate load is to be c.oro.pllte.d fJ."Olll ,rDIax : 18~OOO wdo
("fb.e [u,ll plastlc rUCfmen,t: may be. a.ssuIned. lXD.less t.riie,
dis ta'D,ce n at! be t·li~~ee.TI. t11e. h,in.ge. aTItd t.".he po in.t: of
in.flection. is Ie,ss t11an. abo'ut 3d fc::r~ heams aJ:~iI 4d fo~r
coltlm~s'J :lL1 \'\Thj,cb. case. E~qS·o 12 '(ft8.y be llsed,o
calise.s 6
c.olu,mns 0
l~stabiJ.i.ty DJ.ay OCC.llX:' i.Xl st::rUc.t,ll1'al m,embe-rs du.e to three
loc.al b'uc.kli:ng 3 lateral buckli.Ilg j1 a'nd~ gerLe:ral eol1apse of
These thre.e modes of faiJ,ure wtl1 now be discussedo
AS a wide<o"fla'nge beam.1.s st-ealned beyolld the, elastic liulit
eventually' th,e, flange. or th.e web will buck,le 0 Figure 24 1.S typical of
this acti,on as is al.so Figo 70 Although. stock.y se,cti.ollS eould be
expected to re.ta.in. th.ei.r c.t:'oss~~se.C'.tional fann th.:ro·ugh consider'able plastic
strain., withthi.n seetiol1.s local buckling m,i.gh.t occur soon after t.he
plastic Ul0ment .1Nas first 'reachedo Du,e to failu,re of a. be,am to retain
its cross =sectionalshape j th.e mome,nt ca.pac.ity· would drop off; th'llS th.e
rotation capacity would be irladequ,ate 0 Thel~efore 3 :Ln order to 'm.eet th,e
requirements of de£o:tmati.o~o, capaci.ty (adequate rotation .at Mp=value.)
compression, elernents must have "\v'idth"""trlickxless ratios adequ.a1:e to i'nsllre
ag,ainst premature plastic bl1c,kli.n,g 0
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· A solution -.to th$,s co!nplicated 'plate buc,kl:i:r.ig p~foblem has been.
ac,hilsved(14) by x:equiring t,hat the section will e:Khibit a rotat:i.on capacity
that: cox.~:cesponds t.O a comp)ressi.on. strai.n, equ.al to the, st-rain:=harderli,ng
<V<!llue~ ~st(Flgo 2) () ..At ttt~-.s point t'b,e material propex'ties may be' more
alla specif.~,ca.ll,y defined than; :tn.t:he regiol1 be:tweecnE.y.and ~stt>
:ef2;su~lt of tJ:tj.,s al1,alysis fp'!' flanges of ''iF shapes is shown
irs. .F:tg 0 25 j tt)gE~ttte::t~ '\tlith, tf:h,e :eeErults i:Lf' tests (1 FroIH t~hese curve;s and
£'1:0111 si.m:i.la:t :r.'ela.ticHlsh.i,ps est,abli.s]1E;d fox' webs lJ 'the: fol1owingdesignguf,de
ma.y be establi,s'tled to assu,:!t~e tJ)a,t'. t,he C,olD,p:r.essive st:x'~ai>~s may reach '€st
,wi!thollt buckli.ng 0 (l?ortu,Ilately nea:t.'ly all WI? bemus are satisfactory in
t.h:i.s rega:t'o, 0 )
CROSS =SEC~:£'ION :FltOPOltl~10:NS
~~..d:.i::(~~...;;::.-.ni':"-':::::';~I~~ -
(LJoca1 Buc:kling)
COUIpreSSl,Orl, f:la:nges and "~Teb.s of beams artd columrls
Sl'ilOllld c:orapl)f w.i,t',h. t.he followin,g ~
b ~ 17t
d ~ 4,3W
d 50W
(bemus alta col:u!nn,s)
Figure 2(, sho'VJ's a rnOI(te~t ,oncu:(,~'Ta,t:'l~l~[)e Y1~el ati.cfny,shf:p tn.at is
lrnaccept3.ble; t'he xnr)raent "does not reu1ail1 at. 'A1ea~('CJl>CO!lstant. 'value tllb'(.rug,h
a Sllfficie:at a.n81e~ c:b,ange 0 , tIbi.s resu.lt ,tWas obt.airied in a t.esto:f a
,si;mply~suppol'te,d' beam, Ttli.th a span,lengtrl inter~t.io'!lallymails so long
t.'hat prenlat.llre bu,c.kli.ng was l,!levitable o .A ph,otog:r£lp11 of' the bear.D.' .a.fter
test is Shov~l in,Figo 270
Vfue problem of specifyi:rlg the, crlt.ical leKtgt:h of beam such
t'l\at praTIv;~,ture la.teral btlCkli:ttg will 'be pr8,relltetd has not been c.ompletel'y
solv(3do Qlrrently ~ theo:reti.cal stu,di~es are beir!g made somewh.at ·,.tmlong':,·th,E,
lines of tJI0Se" wh:tc'h p,roved ,tobe.s·uc~~l<e.iSs.fu.l·~n t.t~e case of local buckling 0
Altl1()ugh th.is stud~v 18 not yet fixli,st\ed tl-!e :~e,sults of tests and
apprO%iJri.J~j:e an,,a,lyses pro,ride som,e presen,t gu.lda:nce foX' th.e desi.gner 0
The problem i.sto spec,if.y,bracing, req1\.l~rement:.s to p,reve:n.t. d~f~at-ion
out of the plane of the fI',a:nH~o
'Yieldl,'ng marl~edly ~'ce,dllc,es the 1:~esista11ce of a 'menlber to
l,ateral buckl:Lng 0 The:b'ef'ore bracing 1Ari>ll b,e x'eqv,i:t'ed at: t.hose .,polrlts
at which plastic hinges are expectedt> lnte~~diate between these critical
sections, conventional ~,lles may be followed to protect against elastic
lateral buckling 0 In the event: that CQ,Ils:f..del°ati,011 ,of the moment 'diag&'sm .
.. re'\J"eals that a considerable length of ~(beam is strained be.yol1d the
elastic limit (su,ch as in a region of pttre, Xlloment) the11additional latexeal
su.pport at such a h:t~e rqay be :eeq'uiredt> A glli'd~ for the spaci11g of
such supp,ort (tha.t, is probably ulueb, too cor~ser'ta,tlve) fs
(13)
~12
If the le:,ngth of the. member st'I'ained beyon.d the elastic limit is greater
than t'hls valu,e J t.hen additioIlal bracing would probably be requiredo
~Th,e. sim"ple. plastic the.ory a.ssumes trlat failure of the frame
(ill the serlse t,'.hat a m,ec.hani,~in is fOJ:m,ed) is not pre.ceded by column
instabi,llt:VQ . Alt:h.ough the load at which a,D, lsolated c.oltnnn~ will fail
w'hen it is loaded \rlrfth axial forc.e and bend.i,ng moment can be pred~cted
with reasonable ac.c:llI'flC'Y':1 the buckl:tn.g problem bec.omes extremely complex
when, the column. is a. part of a fI:'arrI.e"Yorko A. complete solu-tion is not in
hall.do It rept'esen,ts all0 the];:, a:rea i.n whic'h fllrtheJ:' re.s'earch may effecti,vely
be done in order to avoi,d over=,c;(rnse.rvati."e silupl1fic:ations 0 However, at
the prese~t time 3 su,ch. simplifi.cation.s must be m.a.de al1d a conservative
approac'h is ma'ndatory 0
If the axi.al lo,a.,d, 1s X:Jelat.j:~rely low' and 3 fU'l'ther:J ff the moment
is Inax.imum a.t t'he ends of the me~mber,~ then tb~e st.a.blli.ty problem may be
l1J~glected.o On the othex' haIld., lof an exam.f.-nation, of the mom,ent diagram
sh.ows th,at tl-t8 column 1.8 bent In sin.gle curv·a.tll'x;'e ~ t'hen..a modificati-.>on
must be made to assu.:re a sa~fe desigrto Figu:ee. 28 h.as been developed(15)
to aid i.n the solution. of thi.s px'oblemn For all adequa,tely braced membe.I' J
---it sh,ows ho~" much e'nd mome:nt 3 M63 may sa.fely be appli.ed at the ends of·
columns of di.ffer,e'nt sleD.derness rati.o n FOl~~exa:mple;. :i£. th.e axi.al force
were 40% of t.he yield value (P!Py := 040) t.b.e.}], a c;oluJnn of slenderness
rati.o. of 60 could. resist all ,eD~d moment: e.qual to 50% of i.ts Mpo>'valueo
If ~ aftex th,e ,f'1:'ame rneTnbers h.a1re be-en selected :tt 1.S found
tb,at a COlllIDn is subj ected on]:y t.o a1ri,al f(r.r'c~e;D the s'uitability of the
member selected ro,ay be che.cked from. the equ,ation.(l)
p
~. = cry => 120 L/r: (L/r: <~, 110)
(.14)
whe:ee L :ts the unbraced length arid the a'Kis is select.ed to give the
nlaJ~irmrm LillI: value 0 nies'~ Sartl~, e"quat±on's may be.'use·d ..f'or, c1l.a.dk·ing '·a
column fox:- stabili.ty in the plane norm.al to th.e prlnciple plane of bendin,g9
the colt,tnn1s beillg assumed as pinn'ed at ,the ends ~
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5i'nee b'rittle, f!;\ac.t,u~f.'e "'J'ou,ld p',-re:vent t.h,e. f~~9',!rJ.fli.ati.ori aia
plas tic. h'i,:n.ge.,~ i.t is e:R:ceedlngly impoI't.a.rr,t to a.ssu'!'e. th,at such fa.:ilu.re.
«3.'oes D~ot ~)CC;l};:r.J v Bu.t it. is an eql~all.y importB.n,t clSpec.t of c.OIlve.r~.t'.ional
elclst:ic d.E';s,i.gn \\Jh.e,n, "applJ,ed to fu,lly'=welded c.on,tlnuol~.s st~r'uctUit:'es(} ,As
has alre,ad:y" be,e.ft po:Ln.t:ed ou,t fn. pre..vi.ou.s lectu:It.'e.s, t.he. assuxnpti.on, ,0£
ductility i,s ~tITtpcrr.'ta'Klt. :l.TI, co:n:~yen,t:ton.al ~'lesign, .a.D,d, numet'(QJus d€~8ig11 ,assump<">
tions l'elY'lilpon.lt 0
In past ye,a'ts t,'he. f'ai-,lu',res of sh:tps aJ.'Jtd. p)'Y~eSS]lJ(,'e 'vesse,ls r~a~j'e
focused att.e'Q.tion, on the; lInpo:etance of tllt,S p:eoblerIl" An.it alth~ot)l,gb, h:urlidr.'eds
of art.ieles have. been ptxb l:~,:sb,e~d Of! t.h.:e prob lem of r_b'.!t.'l t t.Ie frac't.'ur;e. J no
sln.gle eas'y rule' i.8 a'vafJ.,able to thE: desi.gn,ern :NoD.lB<=th,e=less j an, e:~.am:i.n,a­
tion, of th,e. c,onditio:ns tli:,a.t :h,cl've led to br:Lttle fallu',res in the past should
be. h,e.lp£ri,l (:1.8 a bac.k·,g~t'lt)11'.tld fo'!~' f{CJ)~emllllatJ,11,g goo:d pr.'8.(;'.tlc.e. 0
E:t":tttle f't't!c.t,1UT:'iS:S a.'.r:~e cau,sed, by -8, e'l(}mbi~[}))3\,ti(~lJ1, .of ,a.:d\\le:.r,se
c i.X:'Cl!lr!1l.S ta:nc:e s t't!8,t Ina;y i.D.c.l~J,I,de. s e'\le'.fca,l of tl~,e: £"0 11(n~J,i,n,g :
1 Q Loc.al st:ress COD.c.e.n,t',J,'8.tioX'AS £tD/d, :r,'e.si.du,al st:re,sses
2 0 Foor v.re.ldln,g
3" Not,c,h S~I1Si.t:tve ste.el
40"Shoc;k. loadln,g
50 Low t6!Upe.'"e,at.u.'.re
6 II St:rai.n. ag:Lng
7 Q IT',1~1a:}[:ta,1 ten~storil, s tate of S(:'X:'l2i.SS (>
Inpla.stJ,c. d.esi,gn, th~e er)!.gi:D1,e,.~~,r,J .sh:c)ul\i1 be gi~ld('2,rl b'y tb,e same
'p',e:lrt(,.~iples th,at. gavel'!), th{~ prope.r ,de.slgrl .of an al1=~reJ,de,d s'tt'uctu:,te,
design,eo. by' corrveTrt.lo~,al 'metb,ods;;J s':tr~,c,e th,t'. p'l"'ob1 em. i,8 of eqrial i,rrlpo~rt.,a:o,ce.
t.o both (! Th:us ~
1. (j 1 lh,e p:r'ope:r. ':m./lte,J,'ia,l 'ffilKS t be, specl.fie.d tfJ Tne.e t th.e
a·pp:ropx~:ta.te, se.l'·V:1.C.e. co'nd,1.ti.o!;\S (}
2 0 ~rhe fab:eic.at.ic)n a.nd ~Norl{'m,a:nsh,ip tIlUSt 'meet'. hi,gh
st..ar~dardso 1,:n this c.on:ne~ction'j pu,nc4ed h,oles i,n terxsion zones
an,d t.'J)Le ·use. of an,eared edge.s are n.ot. pe'.r.mitte,d 0 Such, severe
eolctl WGTk-ing-- e:~al!&t·&-·~-he-,~~'~ilit;;y of the ma-t,8I':i.alo
.3 () Des:tgn, de.t.a:i.ls Sh,0111d be su,c<h th,at t'he IIlat.el,'i,8,l i~s
as ,f're,e tode,fo:crn a,s possible o Th,e ge.oITI.et.ry st~ou1.d beexamirl~,d
so that tri.axial st.a,tea of te'nsiJ:e st.ress wiJ.l be s\roldedll,(16)
How ca'.rl W'e be sU.'I,'e, th.at brittle f'.t'act'u:ee 1I1:l11 'not be a
pt:oblem e'ven if t'he abo've sugge.stion.s ,a.'t'e followed? 'W~h:tle 11,0 positi.:\Te.
gu,aran.teei,s possible. ~ e:~rperJ,el1c.e at th.e F~f.'itz L;lbo:t'at(~:t'y "J'lth, te.sts of
·.t'ol~e(,l members under l1.ormal load:tng corvd:Ltio:ns (but wlth. rnany of the'
"ad''\,1e:rse circu'mstanc;es l1 11,ote.d abo'\re) h,as :a,tOt :('ev~ealed a'si,ngle brIttle
fracture of a steel be.amQ Fu~rthe!: $ the use of f'U,lly Coxlt:i:nu.ous we,ld.ed
const.ruct.ion i.n .actual p:rac.t~c,e t.oday ha.s not resu,lte.d ill fai~uX',\es v Arld
factors that a.-re. othe:orise neglec.ted i.'n ,de:slgD~ ha,re most c.e,rt~i,nly cau,sed
plast~,c ,defontiat,:ton.s in marry pa:t'ts of such, stx"uctllres 0
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,Su:u1m,flrizl:ag, t:~e. fol1ov~Tin,g gK!,:tdes are suggested ~
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STltUCTORAL ,IJUCTILII:l
.AS(TM A.7 st.eel for bridges and build:i.:ngs may be llsed
l"'-ll,t,n. Il1t: ldi.ficatiorts;1 "VtThe:n n,eeded, to iI1Sl1,:te ·welda,bili.ty
an.,o' t,o'L~.gb.-n.es s at. lOt\re.s t se-r:\rice t iem:pe:X:'atlt1':'e v
Fabx'1.c.a.tj,OJ1L pX:'oc.esses sho'uld be s'uch, as· to p:romclte
ductilitya Sheared edges an4 punched holes inte~Bion
flange.s a.X'8 D,Ot pe.'.t'n~.:i,tte.dQ P'O,llc.h~ed an;d, 'reamed h.ole.s
for:' c.o'.n~e.c.t'j:,n.g de:v:f.c.es would be. pemd,t.ted if the
·,reami.',o.g rernov'e.s the. ,c'old=>ltJ'or'ked material Q
In. desi.gI1i J t KJla~xial states of teItS 1.1e, s tl:es S 5e t IIp
b'y gearne.t'I':ieal rest:rai.n,ts shnu,l,d be 8Jlo:tded'Q
lJp t.o tn,is po:Lnt tn. e), tac,it a,ssuluptioD, '.has beenm,.a.i,le. th,a't
the 111 t imate load is i~nde.peTldaIlt.o.f the. seqtlen.ce :Ln vih1.eh the V"a:rluo'Us
loads are, applie.d to the, st.X.'tlc.tlI:r:e II One. w'ou,ld ,a.lso SllPPOSe. th,at a.
cer,tain. ,degree of flu.ct.l18.tton, III tb'/~ 'm.ag:QJ.t.u,CiE~ of tJiH2, dlffe..,~'eD,t loads
wotlld be. tolex:'ab,le so lOIlg a.s t~he; n';',iTabe,!' of c.'yeles di.ld T-tOt app:.r·o.ac.r! valu,e.s
n,o:trual1y' assoe1.ated Virlt:h fatfg'ue 0
In tl~e la~£1ge majorit:v of pl::a,ctical ca.ses t~hi.s is trllf2>'Q For
o:ed:i.UJlr:y rrul.l·d.i.n.g de.sigr:\ no fU,l'th,e'.r cO'tlslde:t'atio!1 ,of ·v-a,rlatf,on. :tn loads
:1'-,5 'wax'rartted (> HO{r~Je'<'vel';J 1.£ the 'maj orpa:t:t of tJJ.e loadIng Inay be c.omplet.ely
re'm,o·v~e.d£rom, t.he. strcuctr).~~'e. aTMl re.applied at f'Ice.queJlt. 'ir!tel."''1als j i.t ma'Y
be sb.own~ tne(Y',re,tica.lly t~hat 8, d:tffe:."r,en.t ''[node of tlf,a.ilu.x'e tl :m.ay oCC:U,'K' 0 It
is chax\ac.te:eize.d by loss ofd.eflectlon. stablllt.y' in, t,he sen.Be that uQ.der
re.pe,ateid applications of a ce:rta,in seqlle.nc.e of loa,d:'l anincrernent of
plastic de fo:r:mat i.0 'D. iD~th.e saute. serlse 'ffi.ay Oc.cllrdu.r:Lng ea.ch cy'cle of loading 0
Tb~e qtft2st.ion is ~ does tb.e prog:ressiV'e de.fle.ct::Lon. stop afte,!' a few cycles
(does :t.t !tsh.ake. downU ) or ,does tl~J? deflec.tion, COD.tiX'l.11i2, in..de.finitelyl If
.it C0l1t.t111ues t~e· st.ruc:ture is. Jlunstable li from a deflection point of v'iew 9
e,re'n. t.hOl1gh i.t Sllst,ai.ns each applj.catloIl of locvd.
l~oss of 'deflection stabi.li,t'y b'y pJ.'ogress:tve defcrrmation is
characterized by tb.e be'havlor shown In. Fig Q 290 If the load. Is ,ra:el.s,ble
and repea.ted and i~s greate:r thanth.e sta.bilizi·,ng load. 2) Ps 3 t~en the
de.flect.ions ten.d to i:nc:rea.se. fOl' e.a.c.h. cycle" On. t'he otb.e.~('han.d if t.he
variab~e load 1.8 equ.al. to or less tn.an .Ps } th.en, after." a fe'W'c,ycles th.e
deflectIon ,will stabilize at a eOIlstan.t m,axl:m,uill. ll'altle . a'tH] there·.after th.e
beh,cl.,rior will be e.las tic. {}
In the, e"vent. t.hat the UUl18u.al loaili.ng situ,at:Lort is e.ncou.nte.,:red?l
metho,ds are av'allable fot' sol~vi.ilg for th,e ~1=,abiliz;in.g load 3 FS5J artd the
de.sig·u ,may be modif:le.d. ac.cord:tngly·o (15:~ 16) As men,ti.one.d.ea:rlier, howeve.r,
thi.s wi~l not. be n.ecessary in the la.rge m.ajo':rit~l of cases g In the f:trst
plac.e the rati.o of llve load to dead load mJJ.st be ·ve}:.'Y la:t'ge i,n orde.r that
,Ps be si.gnificantly less th~aT! .Pu., al1'd th.is si,.tuat.ion,is unllsllalo
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Sec.Ql1,d.ly j the lO8.\d" factQ:r Qf sA,.fe ty fsrrulde 'U.p of fn8,J),:y f,a,c to:cs ot'he~(' th,all
possi.ble, 1.',ncrease in load (slJ,ch as "a.l':f,.at.loJl in. mater:ial p:eope,l"t:Les and
di.lne,n,s:f,o~s j errors i.n fab',r,·'lc.atioD. apAl !2:recti.on J et.e) v 'V:a.:riat.ion. l~n li,'ve
load) a.lOJle,~ could 'D,ot be. assu.'med t.o e:x.h.,au.st. th,i2: ft1.11 \ralue. of th,e ,rac.tor
of safe ; an:rJ. th:u,s t:b.e li,'re ~plus <,dead lo,ad ~rou,ld probablyne'"e~r reac'h ,Ps 0
1.f2.11ds f'u·!'t',heI' a.s Stl:r~a,n,C',e. ttl,at the p~t'obl~em, is largel'y
tb,e, 8.c.tion of a t:~i'tT{)='Sp)a,n, C.OIlt:-tU1IOllS beam with. an,
load~ fn. each SpaJ10 E'V'en :L.n tb.ls extre,me case in.
t~b,E: sepcrcate loads \hT8.S :r't.;:mo1yed. a.nd th,en :re=applled:)
loa:d~ c:apac'lty TAras on,ly about 8% in:stead of the, 20%
o,f defT ec. t 1.0'.ri stab11 1. t::l "
l~)igure. 30
aca,dero,:tc. 0 It
off""center c.o'ficen.tT'ated
which. t.he full va.1.u,e, of
, ,~=-=-
th.e ac tllal ~reduc-t.ion. in.
predicted by the theoxy
Deflections
liow ID.a.:V '~t:Je be. ass'?J:e£;d tU.',t'E? '~N':i.l1 D,Ot'. be be'n.t. O'IJ,t
of s~hEtpe:. to the. exten,t th,at t,t We. can.T.lot be. Sllre \Mit.hollt
C:OTllputln:.g de,.flec,t1.c~ns """= ariY In.ax'e, t..r,:,an. t:'b.e con.'.re.rrt.ion,al de.sigrl can.
be r,e.garde-IIi. as sati.sfacto~r:y in tb..i.s ','ce.gax'd 1(1ri.t::~r,uJ·i1t makJ,:ng furt~he.r compu. t a,,,,,
t.i.o'ns at' by' knowl:ng from e.:K]?eI:'ie'.o,ce, th,at sat.lsf'acto·!:'y pe·,rfo:r.-,man.ce, ID.a'y be
e.xpec.tedu Meth.ods for COlllptltLng tr~e ,defl.~7.c.tlo'jJ..at 'wo]',/kiIXg load. a~ud at
ultimate load h,a've been sl.umna'f.':Lze.d :tTl R.e:E Q 150 I-IoTi\7ev'e'.r'3 th,e. p,.t'oblem, ,of
deflection,s 1.S n.ot ase~riou,s one. to pd.,a.st.i.cdeslgn,:;; becau.se. in, most case,s
a st'f.'11ct.ure ,desigr1ed £0'.1(,' 'jj,lt.:Lrnate. loa.rd.:Lng b'.Y' tb.e plastlc TIle,t'h.od \'l1111
aetlJ.al1y· deflect: '0,0 Inox:e at \tJ'ork.:Lng loads (~Mh,icb, a.re '.(j,e,a:rly al'ways :1:.0.
tb.e elasti,c, :ran.ge) tha.n. ,a st~ruct'iJ.'re deslgn.ed ela.stJ.,cally ac.C'.o~rd:tng to
Clll:t'e:nt spec :i.ficat ions 0 ,A_ plas t:tc.ally d.e.s igJ1ed, co',n.t J,n:uou.s be..arn e·Kh,ibi.ts
lessde,flec.tioD. than,.a si:rnply""su.ppoJ.,te.d bearn deslgn.e.d to c.ax:'I'Y th.e same
loads because of the, :re.st.ra.:i.Dj~D.g 'ffi,ome:n.ts th,.at a:f.8 pTe.se.D.t 0
F.igllre 31.') fo.'r' e::K.arnple 3 sJ1Cl\ilJS t}:rree, dj,ffe',reI)Lt', (design,s of a beam
of 30=:fo,ot. spa.D, to e-at'I:'y a. \vor'ki..rlg load of 2.1 l<ips 0 Cux~ve I is th,e
siruple be,am de.s:tgn.v CUX'>·ve. III :l.S the pla.stlc deslgn,o Tl1.edeflectio'.o.s at
wo:rk,lng 1.oad .f(J:~ t,',he, pla.st.lc. deslgrla',re slg'r.rl.fi,c.,ar1.tly less than tb.ose of
th,e simply·~suppo'.t:,te.d beanL,
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Conside:c'at:ion. ,of addit.iorval facto:rs t.b.a.t. are. n,eglect.e,d 01'
not 1.'O.clud'ed in the us:i:mple plast:tc t:b.eor:y" IIlay :eequire a. re<visiont.o
tChe or.~igin,.a1.. de_sign'(J The. most .lmpol'ta.:nt of t:qese fac.to'I's (are t'he
in.fluenee of axial fo:r.c:.e,:p sp,ear .fo~'ce ,'3 and in,s tabil ity' u ProcE~du,:res b,a've
beerl sugge.sted as a basis fot' c.h-ec1(.t.ng the orlg:l.Ilal,desfgn.o It ls lx),de:ed
a, fortu·.q,ate clrC:UInst:a~nc.e, that in. most: ca,ses tl!e fJ!',r'1.,gi:q"al deslgn. ,11~e,ed. D.Ot
b~ rev~se'dQ I.r~_'d:Lca,t~i.oIl0f thls '1,8 t'he ',notable 'ag:t'~~eJlleIlt: be,t'ThTeerl test all.d~
the si,mple theor"y a.s Sh~()W',n;1 .fOI' example., in. ,Fig,) 32~ a"[~d 'ye.t all t4ese
members cOPrt.ain,e,d ,both. a}\'.i,a·l aI~d ,sh)~a:r fOJ~ces (,
The basiC'. aSSllIIJp't,l,c:r,ns of' plastic a:~,alysfs ,a:re~ con..Ei:rrQ.ed boy
test (Fig t) 2, 3, 5:t 9)" ~rh.e ultlm,ate load of' a co:q.tl.nuryus steel sttllc.tJlx'e
is predic ted _1,qi.th c.ox'Y'e,spon.din.g ac,cur£lcy (Fi.g 0 12:1 13:" 32) u 1'hu,s
experimental reSlllts 'V'er,'ffy' the, appl:Lc.a.bil1,ty of the pl,ast~c. met-h.od of
an,alys:~s to st~ruC',t-v.-ral. i.g11p
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